INTRODUCTION
Thrombotic thrombocytopenic purpura (TTP) is an inherited or acquired disorder characterized by the massive formation of platelet thrombi in the microcirculation accompanied by haemolytic anaemia, thrombocytopenia, and clinical and laboratory signs of renal and neurological failure (1, 2) . The pathogenesis of TTP is multifactorial: one of the most important factors is the presence in the microcirculation of ultra large multimers of the adhesive glycoprotein von Willebrand factor (UL-VWF), due to the inherited or acquired deficiency of the plasma metalloprotease ADAMTS-13 (A Disintegrin And Metalloprotease with Thrombospondin 1 repeats Nr. 13) that physiologically is the main responsible for the proteolytic processing of VWF multimers and reduction of their size (1) . Congenital TTP, also referred to as Upshaw-Schulman syndrome, caused by ADAMTS-13 mutation and inherited recessively, is a rare form of TTP (3) . ADAMTS-13 is a zinc metalloprotease present in plasma at a concentration of about 1 µg/ml (4, 5) . The enzyme consists, from the N-terminus, of a relatively short propeptide, the catalytic site, the disintegrin-like (DLD), a first thrombospondin-1 (TSP1) repeat, the Cys-rich domain, the spacer domain, seven TSP1 repeats and 2 CUB (complement components C1r/C1s, urinary Epidermal Growth factor and bone morphogenetic protein-1) domains at the C-terminus (6), whose free thiols have also direct antithrombotic effects (7) . When there is a deficiency of this enzyme, uncleaved, ultra large VWF multimers accumulate in microcirculation, causing increased platelet adhesion and aggregation, resulting in the formation of VWF-and platelet-rich thrombi (1, 8, 9) . The development of microthrombi results in microangiopathic haemolytic anaemia and causes variable symptoms of organ ischemia and dysfunction (1) . Inherited TTP is a rare autosomal recessive disorder due to homozygous or double heterozygous mutations in the ADAMTS-13 gene, causing a severe decrease of ADAMTS-13 level and activity (10) (11) (12) (13) (14) (15) (16) . About 100 mutations causing inherited ADAMTS-13 deficiency have been identified so far in regions of the gene encoding different domains (10) (11) (12) (13) (14) (15) (16) (17) with only a few of them characterized by in vitro expression studies (12, 15, (18) (19) (20) (21) (22) . In this manuscript, we report cases of congenital TTP, due to the homozygous mutation in ADAMTS-13 gene in two young brothers born from two consanguineous parents of Romanian origin. We carried out a molecular investigation on a natural ADAMTS-13 mutant characterized by an Asp to Gly homozygous mutation at position 173 of the metalloprotease, directly engaged in the formation of a low-affinity calcium binding site (23) . We explored 
Materials and Methods

Case report
The propositus, a thirteen year old boy, was admitted to the Department of Pediatric Oncology of the "A. Gemelli" hospital of the Catholic University School of Medicine in Rome, on April 2013 for thrombocytopenia, acute haemolytic crisis, fever and mild mental confusion. The boy, born in Romania, had suffered from haemolysis two years before with similar symptoms. Consanguineity was present in the family history, being the parents cousins and a little brother was dead at age of seven yr. for acute haemolytic crisis, thrombocytopenia and cerebral ischemia. An older brother (21 yr old) periodically suffers from similar episodes of anaemia and thrombocytopenia. The propositus was treated with oral steroids with partial resolution of symptoms. During the last acute haemolytic crisis the patient had a severe thrombocytopenia (platelets 11000/µL), fever, jaundice, haematuria and proteinuria.
Direct and indirect Coombs' tests were negative; schistocytes (1-3%) were present in blood smears.
Echocardiogram and abdominal scan resulted normal. Coagulation tests (prothrombin time and activated partial thromboplastin time) were normal, whereas von Willebrand factor antigen (VWF:Ag) and activity (VWF:act) showed increased levels (both >140%). In the following days, thrombocytopenia and haematuria were still persistent, with normalization of the renal function indexes (creatinine clearance and renal scintigraphy). Therefore, based on the laboratory data and the clinical course, we monitored the activity and antigen of ADAMTS-13 that resulted <3% using FRET (Fluorescence Resonance Energy Transfer) and ELISA assays, respectively. Moreover, ELISA testing repeatedly ruled out the presence of anti-ADAMTS-13 antibodies. The activity and antigen levels of ADAMTS-13 were measured in the parents and the brother of the patient, resulting severely deficient in his brother (<3%), whereas ADAMTS-13 antigen and activity levels were 59.5% and 60.9%, respectively, in his father, and 67.5% and 72%, respectively, in his mother (see Table 1 ). Thus, based on these data and parents consanguineity, a congenital thrombotic thrombocytopenic purpura (Upshaw-Schulman syndrome) was diagnosed. Following a fresh frozen plasma infusion (total dose 800 mL), the monitoring of ADAMTS-13 activity showed a level of 24%. The symptoms of the boy improved progressively, the haematuria and the schistocytes progressively disappeared and at present the patient is periodically receiving fresh frozen plasma infusions, when blood cells controls showed a significant decrease of platelet count (usually every LGT-agarose) as previously reported (24) . Von Willebrand factor antigen and activity was measured by immunoassays, using commercially available assays and an automatic chemiluminometer 
Plasmid construction.
The complete ADAMTS-13 wild-type cDNA was inserted into the mammalian expression vector 
ADAMTS-13 model building and analysis
A model has been obtained for the ADAMTS-13 region 81-371, including the catalytic domain and the following ≈100 residues, corresponding to a 20-aa linker and the following DLD. Coordinates of residues 302-322 and 332-371 could be taken from the X-ray structure of a large non-catalytic fragment of (33), starting from the model of wild-type ADAMTS-13.
Molecular dynamics simulations
The molecular dynamics (MD) simulations were performed using the GROMACS software (version 4.5.3) (34) with the Amber99SB-ILDN force field (35) . Wild-type and D173G ADAMTS-13 mutants were slightly relaxed using 50 steps of steepest descent minimizer. The systems were then immersed in an explicit water box of TIP3P model (36) , which extended at least 10 Å away in each direction from any atom of the complex 15933 water molecules were added to both WT and D173G systems. Six and five sodium ions were added to the WT and mutant system, respectively, to neutralize the negative charges, as needed for the particle mesh Ewald calculation (37) of the long-range electrostatic interactions, while a cut-off of 10 Å was used for van der Waals and short-range electrostatic interactions. 500 steps of steepest descent minimization were performed to remove bad contacts with the solvent. All bonds involving hydrogen atoms were constrained by the LINCS algorithm (34) . Equilibration of the solvent and ions around the complexes with position constraints of the heavy atoms was performed for 2 ns in the NVT ensemble, followed by 2 ns in the NPT ensemble. NVT simulations were carried out using the velocity rescaling thermostat (V-rescale) (38) 
RESULTS
ADAMTS-13 levels in affected subjects
In the affected subjects ADAMTS-13 activity and antigenic levels were always less than 3%, as measured by FRETS-VWF73. and ELISA testing, respectively (see Table 1 ). In the acute phase of the disease, the values of VWF antigen and activity were always>140% and accompanied by the presence of ultra large (UL) multimers, as emerged in SDS-agarose gels (see Fig. 1 ). Notably, in the other affected son, the level of circulating VWF and the multimeric pattern was normal during the periods of clinical remission (see Fig. 1 ).
The parents of the propositus were characterized by intermediate levels of both activity and antigenic levels of ADAMTS-13 (see Table 1 ), while the multimeric pattern of VWF was normal (Fig. 1) .
Genetic analysis
Genetic analysis (nucleotides numbered from the A of the initiation Met codon) identified a new homozygous missense mutation causing substitution at nt 518 (c.519A>G, GAC→GGC).This mutation caused the substitution of Asp173 to a glycine residue (p.D173G) in the metalloprotease domain of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 10 ADAMTS-13. The same homozygous mutation was found in the other brother. The two parents were characterized by the same mutation although in heterozygous form.
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Expression and activity of the p.D173G mutant in cell cultures
In comparison with the WT rADAMTS-13, the amount of recombinant p.D173G ADAMTS-13 secreted in the conditioned medium of transient transfections was undetectable or at the low sensitivity limit of the assay Table 1 ). The activity of the mutant ADAMTS-13 (measured by FRET technique), was always undetectable (<3%). ADAMTS-13 antigen and activity was not detectable (<3%) in the medium of untransfected cells used as a negative control ( Table 1 ). The presence of recombinant WT or p.D173G ADAMTS-13 in the conditioned media and cell lysates was also verified by immunoblotting. Figure 2 shows that the metalloprotease was detected in both the medium and lysate of cells transfected with the WT ADAMTS-13 expression vector, whereas the mutant p.D137G was detected only in the cell lysates, strongly suggesting a defect in the secretion pathway of the enzyme. The latter finding was in agreement with the lack of ADAMTS-13 antigen and activity observed in the plasma of the congenital TTP patients.
The impossibility to obtain sufficient amounts of mutant enzyme in the cell culture medium of transfected cell impeded us to perform an extensive biochemical analysis of structural and functional properties the D173G ADAMTS-13 mutant. Hence, we decided to carry out extended modeling and molecular dynamics studies on this mutant to predict the relevant consequences of the mutation in the metalloprotease.
Modeling
The multiple alignment of ADAMTS1, 4 and 5 used in the modeling procedure of ADAMTS-13 and the obtained 3D model are shown in Figure 3 .
Overall fold and comparison with other ADAMTSs
The metalloproteinase domain of ADAMTS-13 is formed by a twisted five strands β-sheet, flanked by three α-helices (α 2, α 4 and α 3). Two additional α -helices are located between β1-strand and helix α2 (α 1) and after a long loop following helix α 4 (α 5). In this domain ADAMTS-13 has overall six cysteine residues in three disulfide bridges that correspond to disulfide bridges that are also observed in ADAMTS-1, -4 and -5.
The second one (between Cys202 and Cys281) links the loop region between strands β4 and β5 with a long 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w and β4. These two residues are conserved in ADAMTS-13 and correspond to E212 and D182. Additionally, the above loop participates to the binding through the carbonyl oxygens of other three residues. One of them is conserved in sequence in ADAMTS-13, L183, whereas the other two, R190, V192 are not (Figure 3a) .
The central region of this loop in ADAMTS-13 has indeed a quite different sequence composition compared to its homologs, and is also one residue longer. As said above, this part of the loop is closed and oriented in ADAMTS-1/-4/-5 by a disulphide bridge that is missing in ADAMTS-13. However, the ADAMTS-13 structure is able to build around the calcium ion a cage that perfectly reproduces the one observed in its homologs. This is due to the fact that the two cysteine residues giving the disulphide bridge are substituted by a glutamate (E184) and an arginine (R190), giving a salt bridge that closes the loop analogously.
Molecular dynamics simulations
To investigate the influence of the D173G mutation on the overall flexibility of ADAMTS-13, we calculated the RMSF of the protein Cα atoms and of the zinc/calcium ions during the simulations. For the WT system, the Cα-RMSF profile of the four different simulations is very similar (see Fig. 4 ). It is more variable in case of D173G, especially as concerns trajectory 3 (Fig. 4) . However, the fluctuation of the mutated residue 173 and of the other calcium binding residues is low, both in the WT and in the mutant (Fig. 4) . Analysis of the coordination environment of the calcium bound by D173 evidenced a significant difference between WT and D173G, in the number of protein atoms coordinating the ion (8 and 5-6 for WT and D173G, respectively), as shown in Fig. 5a . At the same time, the number of coordinated water molecules increases to 4-6 in the mutant (from 1 of the WT), depending on the specific simulation (see Fig. 5b ). Therefore, in the D173G mutant this Ca 2+ ion is more solvated and its interaction with the protein is clearly weakened, although from the simulations we don't see the metal ion to leave the binding site. The overall stability of the proteins throughout the MD simulations was monitored through the RMSD of the C atoms from the corresponding starting structure. While the WT system remains stable during the 60 ns MD simulations (see Fig. 6 ) with the RMSD within 3.5 Å and reaching a plateau after roughly 20 ns, for the D173G system, the observed RMSD values are more variable, showing sudden jumps in three out of the four trajectories. To understand the origin of these sudden jumps, indicative of some sharp rearrangement of the structure, we extracted a snapshot from ns) and compared it with the initial equilibrated structure. A comparison is shown in Figure 7 . From the 3D representations in Figure 7 , it is apparent that, although small conformational changes can be observed within the catalytic site of the two snapshots, the main difference concerns the orientation between the catalytic and DLD. As measured by the COCOMAPS server (40), the interface between the catalytic domain (residues 81-286) and the following ≈100 residues is decreased from 1090 to 741 Å We therefore decided to perform statistical analyses to characterize the interaction between the two domains along the MD simulations. To this aim we used the recently developed MDcons tool (40) . As shown in . Another interesting feature is the different conservation of the interresidue contacts between the domains in the two systems during the MD simulations, which is reflected by the MDcons C50, C70 and C90 coefficients. C50, C70 and C90 represent, respectively, the number of interresidue contacts conserved in at least 50, 70 and 90% of the analyzed MD frames (see Table S1 in Supplemental Material). Focusing on C70, it assumes values of 0.73 and 0.58, respectively, for the wild-type and mutant system. This means that while the initial inter-domain contacts that are conserved in at least 70% of the wild-type frames amount to 73%, this percentage decreases to 58% for D173G, again highlighting a modified interaction between the two domains in the mutant system.
Discussion
The biochemical and molecular dynamics investigations performed on the natural D173G mutant of ADAMTS-13, responsible for a severe form of Upshaw-Schülman syndrome, allowed to reach some conclusive points: 1) the mutant enzyme is produced but shows a severe secretion defect; 2) the molecular 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (28) . Recently, based on mutagenesis studies, a possible exosite (exosite 1) for VWF recognition has been located in the DLD of ADAMTS-13, including residues R349 and P353 (26) . It was also interestingly shown that altering the interaction between the catalytic and the DLD in ADAMTS-13 can cause catalytic and/or secretion defects (23, 26, 42, 43) . The present data show that the D173G mutant is not or minimally secreted into the medium or plasma in vivo. The cause of the defective secretion is still unclear.
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ADAMTS-13 undergoes extensive maturation in endoplasmic reticulum (ER) and is heavily glycosylated (44) . In particular, the O-fucosylation occurring at 6 TSP1 repeats of ADAMTS13 and the N-glycosylation process appear to be critical for folding, secretion and proteolytic activity of ADAMTS-13 (45) . The protein folding machinery of the ER consists of three major classes of proteins: (i) foldases, (ii) molecular chaperones, and (iii) the oligosaccharide processing enzymes as well as lectin chaperones calnexin and calreticulin, which all are involved in protein quality control (46) . Among the foldases, the peptidyl-prolyl 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w cis-trans isomerases (PPIs) are important, particularly in large proteins with significant numbers of proline residues. The isomerization of peptidyl-prolyl bonds is a rate-limiting step during protein folding and would spontaneously occur at a rate too slow to support efficient protein folding in the cell (47) . Catalysis of proline cis-trans isomerization is therefore often a necessary step required for accurate protein folding in vivo.
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Mammalian cells contain three classes of PPIs: parvulins, cyclophilins (Cyps), and FK506-binding proteins (48) . ADAMTS13, harboring 118 prolines, contains a higher number of proline residues and thus needs PPIases activity to fold and maturate correctly in the cell. Cyclophilins, most notably cyclophilin A and B (CypA and CypB), constitute an important family of PPIases. The linker region between the catalytic site and the DLD (residues 285-304) contains numerous Pro residues (7 out of 20 residues (35%), see Fig.3 ).
Thus, based on the MD results, it is likely that the vast conformational transitions of the linker region associated with the D173G mutation would impair the molecular recognition and the foldase activity of CypA and CypB.
Although this natural mutation clearly causes a severe defect of secretion, this study cannot establish whether or not the activity of the metalloprotease inside the cell is maintained. This issue will be addressed by means of more complex in vitro co-expression studies, as previously reported (49) . In conclusion, this study
shows that the D173G mutant shows a) a severe defect of its secretion; b) weakening of coordination of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 • Congenital thrombotic thrombocytopenic purpura is caused by mutations of ADAMTS-13 gene • About 100 natural mutations of ADAMTS-13 gene were found, although only a few were characterized from a biochemical standpoint What does this paper add? • The present study demonstrates for the first time that the natural D173G mutation in the catalytic domain of ADAMTS13, never described before, causes a severe form of Upshaw-Schülman syndrome • Biochemical and molecular dynamics studies showed that the D173G mutation severely alters the interdomain contacts between the catalytic and the disintegrin-like domains, and negatively affects the mechanisms of intracellular folding trafficking and secretion of the enzyme.
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